Abstract This work extends our previous experimental studies of the chemistry of Titan's atmosphere by atmospheric glow discharge. The Titan's atmosphere seems to be similarly to early Earth atmospheric composition. The exploration of Titan atmosphere was initiated by the exciting results of the Cassini-Huygens mission and obtained results increased the interest about prebiotic atmospheres. Present work is devoted to the role of CO 2 in the prebiotic atmosphere chemistry. Most of the laboratory studies of such atmosphere were focused on the chemistry of N 2 + CH 4 mixtures. The present work is devoted to the study of the oxygenated volatile species in prebiotic atmosphere, specifically CO 2 reactivity. CO 2 was introduced to the standard N 2 + CH 4 mixture at different mixing ratio up to 5 % CH 4 and 3 % CO 2 . The reaction products were characterized by FTIR spectroscopy. This work shows that CO 2 modifies the composition of the gas phase with the detection of oxygenated compounds: CO and others oxides. There is a strong influence of CO 2 on increasing concentration other products as cyanide (HCN) and ammonia (NH 3 ).
Introduction
The Miller-Urey spark-discharge experiments in the early 1950s inspired a strong interest in experimental studies of prebiotic organic chemistry that continues today. The prebiotic synthesis in the mixtures of N 2 + CH 4 + CO/CO 2 was studied by (Schlesinger and Miller 1983a; Schlesinger and Miller 1983b) . Different types of discharges were used to mimic the influence of lightning in prebiotic atmospheres or the influence of solar VUV radiation. Also the atmospheric pressure glow discharge can be used for such purposes.
The atmospheric pressure glow discharges are of significant interest for a wide range of applications such as pollution control, material processing or surface treatment. Among the many different types of atmospheric pressure discharges the glow discharge is one of the most deeply studied (Kloc et al. 2010; Machala et al. 2004) . The gliding arc configuration of atmospheric pressure discharge has been shown to be a good mimic of processes in the prebiotic atmospheres (Torokova et al. 2015b ) being used to replicate physical and chemical conditions on Titan. It is the only lunar body with significant quantities of methane (CH 4 ) and nitrogen (N 2 ) in its atmosphere (Coustenis et al. 2010; Horst and Tolbert 2014) . The chemical composition of the Titan's atmosphere is considered to be similar to the atmosphere of early Earth and is favorable for formation of complex molecules containing C, N and H. The solar ultraviolet radiation and magnetospheric electrons are responsible for the generation of primary radicals and other neutral species, which initiate chains of chemical reactions that finally result in the formation of various organic molecules in the Titan atmosphere. This makes Titan as planetary-scale laboratory for the synthesis of complex organic molecules (Raulin et al. 2012) . The composition of early Earth atmosphere was deeply discussed in may studies (Kasting and Howard 2006; Kasting and Ono 2006; Olson et al. 2013) .
The present work is focused on the experimental study of gaseous products produced in the atmospheric pressure glow discharge fed by N 2 + CH 4 gas mixtures with CH 4 concentrations in the range from 1 % to 5 % and admixture of the carbon dioxide (CO 2 ) from 1 % to 3 %. The atmospheric DC glow discharge is a source of electrons, ions and neutral radicals. All these species initiate a complex chemical processes under laboratory conditions, which are similar to the processes which may occur in the prebiotic atmosphere.
The neutral products generated in the discharge were identified and quantified by the means of the Fourier-Transform-Infra-Red spectroscopy (FTIR). In more detail the influence of the CO 2 admixture on production of the major neutral product detected HCN and on the formation of NH 3 has been studied.
Experimental Apparatus
The experimental set-up was detail described in our previous studies (Torokova et al. 2015a; Torokova et al. 2015b) . A simplified schematic diagram of the experimental set up is presented in Fig. 1 . An atmospheric pressure DC glow discharge was created between two stainless steel electrodes separated by a 2 mm gap. The electrode system used the standard configuration of the gliding arc discharge but due to the low applied power as well as low gas velocity the discharge is not moving along the electrodes. The discharge was operated at an applied voltage of 350 V and discharge current in range 15 to 40 mA in pure nitrogen enriched by 1-5 % of CH 4 (both gases having quoted purity of 99.995 %) with admixture of 1 and 3 % of CO 2 at the total flow rate of 50 sccm. Flow rates of all gases through the reactor were regulated using mass flow controllers (MKS, Flow Measurement & Control Products) . These values of CH 4 and CO 2 concentration were chosen with the aim to enhance the reactions with CO 2 , that possibly allow to detect oxides compounds produced in larger amounts in the plasma reactor.
The exhaust gas was analyzed in-situ by FTIR spectroscopy using IR multipath cell with total absorption length of 3 m. Compositions of the different gaseous mixtures studied here are given in Table 1 . The discharge was formed in the stable abnormal glow regime with a plasma channel of 1 mm diameter. The discharge is contained in a stainless steel vacuum chamber (1 l volume). Before starting the experiments, the discharge chamber was pumped down to 1 Pa for 1 h and then filled with the investigated gas mixture up to the pressure of 101 kPa. Atmospheric pressure during the experiments was maintained by a slight pumping through the needle valve.
The high-resolution transmission (HITRAN) database (Rothman et al. 2009 ) was used to identify specific compounds in the measured spectra. Concentration of the gaseous products were calculated using the Beer-Lambert formula (1)
where A is the absorbance measured experimentally, n (cm
) is the concentration of detected compound, l (cm) is the length of the absorption path in IR cell and σ (cm 2 ) is the IR absorption cross-section drawn from the HITRAN database (Rothman et al. 2009 ). The uncertainty in the determination of concentration was estimated about 20 %. All experiments were done at room temperature.
Results and Discussion
A typical FTIR spectrum showing the products formed in the nitrogen discharge fed by 1 % of CH 4 and 1 % of CO 2 is shown in Fig. 2 . Similar spectra were observed for all other N 2 + CH 4 + CO 2 gas mixture composition. Hydrogen cyanide (HCN) was identified at wavenumbers of 1430 cm −1 and of 720 cm −1 and it was recognized as the most abundant product. Ammonia (NH 3 ) was identified at 966 cm −1 which was surprising because ammonia was not detected in our previous experimental studies (Torokova et al. 2015a; Torokova et al. 2015b) . Bernard et al. 2003 observed NH 3 production at their experiments in low pressure discharge in the mixture N 2 + CH 4 + CO. NH 3 production was explained by the chain of ionmolecular reactions (Bernard et al. 2003) .
The other major products in our experiments were acetylene (C 2 H 2 ) as well as carbon monoxide (CO) and water (H 2 O). These products were recognized in all N 2 + CH 4 + CO 2 gas mixtures. The products concentrations are strongly dependent on the gas mixtures composition Legrand et al. 1999 reported typical values of obtained hydrocarbons from their experiments in nitrogen/methane gas mixture: C 2 H 2 (22 %), C 2 H 6 (18 %), C 2 H 4 (14 %), C 3 H 8 (4 %), C 4 H 10 (less than 0.5 %). Pintassilgo and Loureiro (2009) in their comparative study report the most abundant hydrocarbons C 2 H 6 and C 3 H 4 . Figure 3 shows the quantitative analysis of HCN at 1430 cm −1 formed under different experimental conditions. The increase of the initial CH 4 concentration from 1 % to 5 % leads to increase in the product yield of this compound. The admixture of 1 % CO 2 had a little influence on HCN production up to 4 % CH 4 . However, there is visible effect of CO 2 addition to nitrogen methane mixtures with 5 % methane with the yield of HCN increasing with increasing CO 2 concentrations. This is in contrast to earlier study (Fleury et al. 2014 ) that suggested that the kinetics of HCN formation slows down at the presence of CO, showing an inhibiting role of CO on HCN formation.
Fig 2 FTIR spectrum of analysed products formed in a gas mixture 1 % of CH 4 + 1 % of CO 2 in N 2 , discharge current 30 mA and gas flow 50 sccm Similar analysis is shown in Fig. 4 for NH 3 . The concentration of the ammonia increases with the increase of CH 4 concentration. The effect of CO 2 admixture is ambivalent. For lower CH 4 concentrations (1 and 2 %) it can be seen that the admixture of CO 2 promotes formation of the NH 3 in whole range of discharge currents, while in the case of higher CH 4 concentrations it occurs only for higher discharge currents (above 30 mA). At lower discharge currents and CH 4 concentrations there is no increase of the NH 3 formation with increasing CO 2 concentration.
The discharge current increase is connected with the increase of the electron concentration and also the rates of reaction induced by electrons (dissociation, ionisation) increases. This leads to the increase of radical concentration and thus to the increase of the final products concentrations. This can be seen in all dependencies in Figs. 3 and 4 .
These effects are related to the complex kinetics of the discharge and detailed explanation of the processes associated with it should be an object of the further experimental work and computer simulation of the discharge kinetics.
The formation of various nitriles is assigned to a complex plasma-physical chemistry. The nitrogen and methane are dissociated in the discharge by the electron impact producing the radicals CH x (x = 1, 2 3) and N atoms. Also the metastable molecules N 2 (A) are produced in the discharge, these metastables can again produce CH x radicals in the afterglow. The concentrations of ions are lower than concentrations of radicals, so the ion-molecule reactions are not important. The radicals then react and produce new molecules. Hydrogen cyanide formation can be described by the direct reaction:
or/and indirect by a two-step process through a highly unstable intermediate product, H 2 CN (Pintassilgo and Loureiro 2010) .
The formation of ammonia may proceed via reactions (Dove and Nip 1979) :
where M is a third particle. Formation of above mentioned radicals CH 3 , N, NH in the discharge is discussed in (Pintassilgo and Loureiro 2010) . At the atmospheric pressure, reaction (6) is important, whereas at low pressure this reaction can be neglected. This fact can explain why ammonia was not observed at some low pressure experiments (Pintassilgo and Loureiro 2009) . If CO 2 is added into the discharge, the O atoms are produced by CO 2 dissociation or CO 2 + recombination with electrons. These O atoms can then react with CH 4 via reaction (Baulch et al. 1992; Baulch et al. 1994) :
So, reaction (7) is responsible for the increase of the concentrations HCN precursors (see reactions (2) and (3)) and also for the consequent increase of HCN concentration as it was observed experimentally.
Conclusion
The gaseous phase products formed in the atmospheric glow discharge fed by different mixtures of N 2 + CH 4 (1, 2, 4 and 5 %) and admixture of CO 2 (1 and 3 %) were determined by in situ FTIR analysis. The discharge was operated in the flowing regime at different discharge currents at laboratory temperature. An in-situ FTIR technique for the exhaust gas phase sampling was successfully used for chemical analysis to deduce the gas composition in the N 2 + CH 4 + CO 2 reactive gas mixture.
The nitrile compounds and hydrocarbon were observed in all experiments. HCN was identified as the major gas phase product in all measurements. HCN is important compound for subsequent synthesis of nucleobases at early Earth (McCollom 2013). Other minor products detected were C 2 H 2 , NH 3 , CO 2 , CO. The nitrile oxides, formaldehyde, ethylene oxide were not observed in our experiments, although creation of oxygenated compounds was predicted by theoretical model (Dobrijevic et al. 2014) . Fleury et al. 2014 reported only creation of N 2 O and CO 2 from the mixture N 2 + CH 4 + CO. The absence of formaldehyde in the gaseous phase has been previously observed in an electrical discharge by Bernard et al. 2003 where the gaseous phase composition was studied by GC-MS and Infrared spectroscopy. So there is disagreement of our experiments with theoretical models which predict important production of formaldehyde. The absence of formaldehyde or other aldehydes is a serious problem for subsequent production of amino acids in liquid phase via Strecker synthesis (Miller and Urey 1959) .
The addition of CO 2 increases the production of HCN, however the addition of CO decreases the production of HCN. All above mentioned facts show that further experimental and theoretical studies of coupling between nitrogen chemistry and oxygen chemistry are necessary.
